With specific liver X receptor ␣ and ␤ (LXR␣ and LXR␤) antibodies, we found that LXR␣ is strongly expressed in the luminal and basal cells of prostatic epithelium. The ventral prostates (VP) of LXR␣ ؊/؊ mice are characterized by the presence of smooth-muscle actinpositive stromal overgrowth around the prostatic ducts and by numerous fibrous nodules pushing into the ducts and causing obstruction, so that most of the ducts were extremely dilated. BrdU labeling and Ki67 staining revealed epithelial and stromal proliferation in the fibrous nodules. However, the dense stroma surrounding the ducts was not positive for proliferation markers. There was no detectable difference between WT and LXR␣ ؊/؊ mice VP in the expression of the androgen receptor, but there was an increase in nuclear expression of Snail and Smad 2/3, indicating enhanced TGF-␤ signaling. Upon treatment of WT mice for 3 months with the LXR agonist T2320 or for 3 weeks with ␤-sitosterol, LXR␣ was downregulated, and a VP phenotype similar to that of LXR␣ ؊/؊ mice resulted. We conclude that in rodents, LXR␣ seems to control VP stromal growth and that LXR␣ ؊/؊ mice may be a useful model to study prostatic stromal hyperplasia. Because LXR␣ is expressed in the epithelium, the excessive stromal growth in LXR␣ ؊/؊ mice indicates that LXR␣ is essential for epithelial stromal communication.
L
iver X receptor ␣ and ␤ (LXR␣ and LXR␤) are members of the nuclear receptor supergene family of ligandactivated transcription factors (1) (2) (3) . LXR␣ and -␤ knockout mice have revealed that LXR␣ but not LXR␤ plays an important role in cholesterol homeostasis, whereas LXR␤ has key functions in the immune system, testis, adrenal gland, pancreas, and CNS (4 -12) . The endogenous ligands of LXR are oxysterols (13, 14) , but they also accept phytosterols, particularly ␤-sitosterol, as ligands (15) . Because ␤-sitosterol is thought to be the active ingredient in the over-the-counter preparation used for relief of the symptoms of benign prostatic hyperplasia (BPH) (16) , we investigated the role of LXR in the prostate and the possibility that the beneficial effects of ␤-sitosterol are mediated by LXR (17) .
BPH is a very common disorder in men aged 50 years and is characterized by lower urinary tract disorders that have severe effects on quality of life (18) (19) (20) (21) . One of the current theories for the mechanism of BPH is that autocrine and paracrine signaling from stromal cells to epithelium creates a focal area of reawakening of epithelial budding and BPH nodule formation (22) . The signaling molecules most commonly implicated in the etiology of BPH are TGF-␤, FGF, EGF, and insulin-like growth factor (22) . Current surgical treatments are associated with risk of urinary incontinence, and current pharmacologic intervention is not always effective. Many men try phytotherapy (use of plants and herbs) for relief of the symptoms of BPH. The most popular phytotherapy is ␤-sitosterol and saw palmetto (Serenoa repens). Saw palmetto has been tested in multiple trials (reviewed in ref. 23 ). Although in clinical trials saw palmetto has had beneficial effects on urinary flow, no satisfactory explanation for its mechanism of action has been offered. In the present study we investigated whether LXRs play any role in prostatic growth and whether the beneficial effects of ␤-sitosterol in BPH might be mediated by LXR.
Results
Expression of LXR␣ and LXR␤ in the WT Mouse Ventral Prostate. In the ventral prostate (VP) of WT mice, LXR␣ was specifically localized in the nuclei of the epithelial cells ( Fig. 1 A and B; black arrowheads in Fig. 1B) , with some basal cells also positive (black arrow in Fig. 1B) . The pattern of expression of LXR␤ was similar to that of LXR␣, but signals were weak ( Fig. 1C ; black arrowheads for epithelial cells, black arrow for basal cell). There was no observable nuclear staining in the tissue incubated without primary antibody (Fig. 1D ) or with either LXR antibody after preabsorption with their respective LXR proteins (data not shown).
Morphologic Changes in VP of LXR Knockout Mice. The VP of WT control mice appeared histologically normal, with prostatic ducts lined by a single layer of columnar or cuboidal epithelium overlying cells on the basal membrane with little stroma surrounding prostatic ducts (Fig. 2 A, E, and I) . In 6-month-old LXR␣ Ϫ/Ϫ mice there were several fibrous nodules in the VP ducts (Fig. 2B) . Many of these nodules were composed of spindle-shaped cells surrounded by a single layer of epithelial cells with pleomorphic nuclei. In some nodules the epithelial layer was lost, and the spindle-shaped cells formed a mass embedded in an extracellular matrix, which could be visualized with toluidine blue staining [ The VP of 6-month-old LXR␤ Ϫ/Ϫ mice were morphologically indistinguishable from those in age-matched WT mice (Fig. 2C ), but in 6-month-old LXR␣␤ Ϫ/Ϫ mice there was an increase in intraductal stroma (Fig. 2D) . The abnormal morphology of the VP in LXR knockout mice increased markedly with age. At age 11 months in LXR␣ Ϫ/Ϫ mice (Fig. 2F) , LXR␤ Ϫ/Ϫ mice (Fig. 2G) , and LXR␣␤ Ϫ/Ϫ mice (Fig. 2H) there were many more nodules in the lumen of prostatic ducts, with infiltration of mononuclear leukocytes. At age 17 months in LXR␣ Ϫ/Ϫ and LXR␣␤ Ϫ/Ϫ mice there was pronounced stromal overgrowth around the prostatic ducts ( Fig. 2 J and L) , and in 2-year-old LXR␣ Ϫ/Ϫ mice ( Fig. 3  B-D) there were distended large atrophic prostatic ducts surrounded by multiple layers of dense stroma. At any age there were no lesions detectable in the VP of WT mice (Fig. 2 A, E, and I and Fig. 3A) .
The multiple layers of stroma around ducts of the VP of LXR␣ Ϫ/Ϫ mice contained many smooth-muscle actin-positive cells (Fig. 4B ). This was also true of some ducts in the LXR␣␤ Ϫ/Ϫ mice (Fig. 4D) . Very little smooth-muscle actin-positive stroma was found in LXR␤ Ϫ/Ϫ (Fig. 4C ) or WT mice (Fig. 4A ).
Effects of 3 Weeks of ␤-Sitosterol Treatment on LXR␤
Treatment of 8-month-old WT mice for 3 weeks with ␤-sitosterol caused no detectable morphologic changes in the VP (Fig. 5 A  and B) . However, in 2 of the 5 LXR␤ Ϫ/Ϫ mice, fibrous nodules developed in the VP after 3 weeks of ␤-sitosterol treatment (Fig.  5D ), and this was accompanied by loss of LXR␣ protein expression in the nuclei of the prostatic epithelium ( 
Measurement of Epithelial Cellular Proliferation by BrdU Incorporation.
It is well known that in the adult mouse the proliferation rate in the prostatic epithelium is extremely low. To label the DNA of proliferating cells it was necessary to deliver BrdU every 12 h for 3 consecutive days. Proliferation in columnar epithelial cells located in actively secreting ducts and cuboidal epithelial cells located in inactive ducts were evaluated separately (24) . mice, Ki67-positive cells were clearly evident (Fig. 8 A-D) , particularly in those regions exhibiting ductal hyperplasia in LXR␣ Ϫ/Ϫ (Fig. 8F) , LXR␤ Ϫ/Ϫ (Fig. 8G) , and LXR␣␤ Ϫ/Ϫ (Fig.  8H) mice. There were few Ki67-positive cells in stroma (Fig. 8F ).
Increased TGF-␤ Signaling Through Smad 2/3 and Snail. Smad 2/3 expression was weak in epithelial cells of the VP in WT and LXR␤ Ϫ/Ϫ mice ( Fig. 9 A and C) . However, Smad 2/3 staining was particularly strong in epithelial cells around fibrous bulbs of LXR␣ Ϫ/Ϫ (Fig. 9B , red arrows) and LXR␣␤ Ϫ/Ϫ mouse VP (Fig. 9D, red arrows) . A few cells (black arrows in Fig. 9 B and D) located at the edge of the fibrous bulbs were also weakly positive for Smad 2/3. With specific antibodies raised against Snail, a marker for epithelial mesenchymal transformation (EMT), there was weak staining in the WT and LXR␤ Ϫ/Ϫ VP epithelial cells (Fig. 9 E and G) but strong staining in epithelial cells around fibrous bulbs of LXR␣ Ϫ/Ϫ (Fig. 9F, red arrows) and LXR␣␤ Ϫ/Ϫ mouse VP (Fig. 9H, red arrows) . The expression of Snail in a few cells surrounding fibrous bulbs was also weakly positive, with a similar pattern as in Smad 2/3 ( Fig. 9  F and H, black arrows) .
The expression of Smad 2/3 and Snail was clearly increased in epithelial cells around fibrous nodules in ␤-sitosterol-treated LXR␤ Ϫ/Ϫ mice ( Fig. 9 L and P, white arrows) and a few epithelium-like cells surrounding fibrous bulbs in ␤-sitosteroltreated LXR␤ Ϫ/Ϫ mice ( Fig. 9 L and P, brown arrows) , whereas epithelial cells in VP of vehicle-or ␤-sitosterol-treated WT mice and vehicle-treated LXR␤ Ϫ/Ϫ mice occasionally showed very weak staining for Smad 2/3 and Snail (Fig. 9 I-K and M-O) .
Discussion
The physiologic function of LXRs in VP has not hitherto been investigated. In the present study we show that LXR␣ and LXR␤ are expressed in the nuclei of epithelial cells in the VP (Fig. 1) . The expression of LXRs in lobes other than the ventral lobe of the prostate was very weak, and these lobes were not studied further.
We observed morphologic changes in the stroma of the VP in LXR␣ Ϫ/Ϫ , LXR␤ Ϫ/Ϫ , and LXR␣␤ Ϫ/Ϫ mice. The changes became more pronounced as mice aged from 6 months to 11, 17, and 24 months (Figs. 2 and 3) . The most conspicuous change in the VP was the formation of fibrous nodules in prostatic ducts. The lesions resembled ''Masson bodies'' observed in the lungs of patients with bronchiolitis obliterans organizing pneumonia. Little is known about how these nodules are formed (25) . In the VP, the areas of mixed stromal and ductal growth showed a pattern similar to growing nodules in BPH samples. At some sites stromal pressure was strong enough to break the epithelial membrane and invade into the lumen of the duct.
In general, overall expression of E-cadherin, one of the key proteins in epithelial cell adhesion, was not changed in LXR␣ Ϫ/Ϫ , LXR␤ Ϫ/Ϫ , or LXR␣␤ Ϫ/Ϫ mice. However, in the epithelial cells in the local areas where nodules were growing, expression of E-cadherin was reduced or absent (data not shown). Lack of E-cadherin in these areas would be expected to weaken the adhesion between epithelial cells and lead to the observed rupture of the epithelial lining and invasion of stromal cells into the lumen of the duct.
Androgen receptor (AR)-positive cells were specifically localized in the luminal epithelium of the VP in WT mice, and there was no detectable difference in intensity of staining or distribution of AR in LXR␣ Ϫ/Ϫ , LXR␤ Ϫ/Ϫ , or LXR␣␤ Ϫ/Ϫ mice from that in WT mice (data not shown). In LXR␣ Ϫ/Ϫ and LXR␣␤ Ϫ/Ϫ mice, there was increased phospho-Smad 2/3 and A B C D Snail expression in the nuclei of epithelial cells of the VP, in particular in cells surrounding fibrous nodules (Fig. 9 ). Snail is a strong transcriptional repressor of E-cadherin and is induced by TGF-␤ signaling. High levels of both Smad 2/3 and Snail proteins indicate enhanced TGF-␤ signaling.
In BPH, there is increased expression of vimentin in the hyperplastic epithelium (26) and increased TGF-␤ signaling (27) . TGF-␤, through activation of the transcription factor SMAD 2/3, plays an important role in EMT. There are very real difficulties in studying the etiology of BPH. The first difficulty is the lack of good animal models of the disease. Most rodents and nonhuman primates do not spontaneously develop BPH. Models for BPH are limited to rats and dogs, but they do not mimic all aspects of the human disease (28, 29) .
Another difficulty is the morphologic differences between the rodent and human prostate. The human prostate is a single gland with an interior transitional zone next to the urethra, a central zone, and a peripheral zone (30) . BPH arises almost entirely in the transitional zone (31) . In contrast, there are four distinct prostatic lobes in mouse (anterior, dorsal, lateral, and ventral), which surround the neck of the urinary bladder. It is still not clear which lobe of the rodent prostate most closely resembles the human prostate (28, 32) .
In the present study we found a very significant stromal overgrowth accompanied by activation of TGF-␤ signaling, and increased epithelial proliferation in the prostates of LXR␣ Ϫ/Ϫ mice. These data suggest that the origin of the overgrowth of stromal cells around the prostatic ducts is the ductal epithelium. Epithelial cells are the ones that are proliferating and, because there is loss of control of TGF-␤ signaling, they lose expression of E-cadherin and undergo EMT. This explains why there is no detectable proliferation in the accumulated intraductal stroma.
In addition, ␤-sitosterol did not cause morphologic changes in the VP of WT mice, but in LXR ␤ Ϫ/Ϫ mice ␤-sitosterol caused stromal growth similar to what is seen in LXR␣ Ϫ/Ϫ mice (Fig. 5) . Long-term (3 months) treatment of WT mice with T2320 caused downregulation of the expression of LXR␣ and stromal overgrowth (Fig. 6) . Thus, continuous exposure may not be the optimal regimen for administration of LXR ligands.
In conclusion, our results confirm an important role for LXRs in controlling prostatic growth. LXR␣ Ϫ/Ϫ mouse prostates were characterized by several BPH-like features: (i) proliferative epithelial cells (Figs. 7 and 8 ), (ii) multiple layers of dense stroma around the prostatic ducts (Figs. 2-4) ; and (iii) dilated prostatic ducts (Fig. 3) . Investigation of LXR signaling in the human prostate may shed some light on the etiology of BPH and perhaps lead to development of pharmaceutical drugs targeting LXRs for BPH treatment.
Materials and Methods
Animals. LXR␣ Ϫ/Ϫ , LXR␤ Ϫ/Ϫ , and LXR␣␤ Ϫ/Ϫ mice were generated by targeted disruption in our laboratory, as previously described (13, 33, 34) . All mice were back-crossed for 10 generations. Animals were housed under a 12-h light/12-h dark cycle in the specific pathogen-free facility and were fed a standard mouse chow ad libitum. All experiments were approved by the local Animal Experimentation Ethics Committee for animal experimentation.
Tissue Preparation. Mice were killed by CO 2 asphyxiation. The prostates were removed, and ventral prostate, dorsal prostate, anterior prostate, and lateral prostate were dissected. For immunohistochemical studies, tissues were fixed in 4% paraformaldehyde and embedded in paraffin.
Preparation of Antibodies to LXR␣ and LXR␤. The goat polyclonal LXR␣ antibody is directed against the N-terminal region of mouse LXR␣, amino acids 68 -82. The goat polyclonal LXR␤ antibody is directed against the N-terminal region of mouse LXR␤, amino acids 1-17. IgG was purified by polyethylene glycol precipitation and chromatography on Whatman DE52 cellulose. Preabsorbed antibodies were prepared by incubating LXR␣ or LXR␤ antibodies for 12 h at 4°C with LXR␣ or LXR␤ protein coupled to activated Sepharose (Sigma-Aldrich), respectively (35) .
Treatment with BrdU and Analysis. For measurement of proliferation, 4 mice per each group were treated i.p. with BrdU (Roche) at 100 mg/kg every 12 h for 3 days (total of 6 injections).
The paraffin-embedded sections (5 m) were dewaxed in xylene, rehydrated, processed for antigen retrieval with 10 mM citrate buffer (pH 6.0), and then incubated in 2 M HCl for 10 min at room temperature. This was followed by neutralization in 0.05 M borate buffer (pH 8.5) for 15 min and blocking of endogenous peroxidase with 1% H 2O2 for 30 min and then in 0.5% Triton X-100 in PBS for 15 min. Sections were then immunostained with anti-BrdU monoclonal antibody overnight at 4°C, followed by biotinylated goat anti-mouse secondary antibody (1:200) and avidin-biotin peroxidase complex (1:100) for 1 h at room temperature. After sections were washed in PBS, BrdU immunostaining was revealed by using 3,3-diaminobenzidine peroxidase. BrdU-positive columnar epithelial ducts and cuboidal epithelial ducts were separated according to morphologic characteristics, and more than 2,500 epithelial cells were counted separately in each area. The results were recalculated relative to 1,000 epithelial cells and expressed as mean Ϯ SD.
Administration of ␤-Sitosterol. Ten WT and 10 LXR␤ Ϫ/Ϫ male mice (age 8 months) were divided into 4 groups: group 1, WT mice given olive oil only; group 2, WT mice given 42 mg/kg ␤-sitosterol dissolved in olive oil; group 3, LXR␤ Ϫ/Ϫ mice given olive oil only; group 4, LXR␤ Ϫ/Ϫ mice given 42 mg/kg ␤-sitosterol dissolved in olive oil. Olive oil and ␤-sitosterol were given daily by gastric gavage for 3 weeks.
LXR Agonist (T2320) Treatment. Eight-month-old WT mice were treated by gastric gavage with T2320 dissolved in olive oil for (i) 21 days with 10 mg/kg/ day (n ϭ 8) and (ii) 3 months with 10 mg/kg/day (n ϭ 8). Control mice (n ϭ 6 for each treatment group) received olive oil only. 
